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The O-antigen (OAg) of the Gram-negative bacterium Francisella tularensis (Ft), which is both a capsular
polysaccharide and a component of lipopolysaccharide, is comprised of tetrasaccharide repeats and induces
antibodies mainly against repeating internal epitopes. We previously reported on several BALB/c mouse
monoclonal antibodies (MAbs) that bind to internal Ft OAg epitopes and are protective in mouse models of
respiratory tularemia. We now characterize three new internal Ft OAg IgG2a MAbs, N203, N77, and N24, with
10- to 100-fold lower binding potency than previously characterized internal-OAg IgG2a MAbs, despite sharing
one or more variable region germline genes with some of them. In a mouse model of respiratory tularemia with
the highly virulent Ft type A strain SchuS4, the three new MAbs reduced blood bacterial burden with potencies
that mirror their antigen-binding strength; the best binder of the new MAbs, N203, prolonged survival in a dose-
dependent manner, but was at least 10-fold less potent than the best previously characterized IgG2a MAb,
Ab52. X-ray crystallographic studies of N203 Fab showed a flexible binding site in the form of a partitioned
groove, which cannot provide as many contacts to OAg as does the Ab52 binding site. These results reveal
structural features of antibodies at the low end of reactivity with multi-repeat microbial carbohydrates and
demonstrate that such antibodies still have substantial protective effects against infection.

Introduction

F rancisella tularensis (Ft), the Gram-negative

intracellular bacterium that causes tularemia, is a
category A potential bioterrorism agent, specifically the highly
virulent type A subspecies.(1–4) Respiratory tularemia, the
most severe form of the disease, causes high morbidity and up
to 2% mortality even in antibiotic-treated patients.(1,3–6) Al-
though a live vaccine strain (LVS) is partially protective
against Ft in humans, it is not currently licensed due to safety
concerns(6,7); hence the need to identify and characterize
protective T- and B-cell antigens and epitopes for development
of vaccines and antibody therapeutics.

Lipopolysaccharide (LPS), the main component of the Ft
outer membrane, which is identical between type A and type
B Ft strains,(8–12) is a main protective antigen in mice and
circumstantially in humans.(13–22) In addition to lipid A and a
core oligosaccharide (C, mainly Hex4HexNAcKdo), the
main component of LPS is an O-polysaccharide [O-antigen
(OAg)].(8–12,23,24) The OAg consists of variable numbers

of the tetrasaccharide repeat [2)-b-D-4,6-dideoxy-4-
formamido-D-glucose(1/4)-a-D-2-acetamido-2-deoxy-D-
galacturonamide(1/4)-a-D-2-acetamido-2-deoxy-D-
galacturonamide(1/3)-b-D-2-acetamido-2,6-dideoxy-
D-glucose(1/] (Quip4NFm-GalpNAcAN-GalpNAcAN-
QuipNAc), with Quip4NFm at the non-reducing end,(8–12,23)

referred to, for simplicity, as ABCD. Because of the variable
numbers of the tetrasaccharide repeat in the OAg, the LPS
molecules form a ladder pattern in SDS gels and Western
blots. Ft capsular polysaccharide also consists of OAg(23,24)

and, therefore, antibodies to Ft OAg target both LPS and
capsule.

We have previously described mouse MAbs specific for
repeating internal epitopes of Ft OAg and have shown that
they confer survival to LVS-infected mice and prolong sur-
vival of mice infected with the prototypic type A strain
SchuS4 in a mouse model of respiratory tularemia.(25–27)

These internal-binding OAg MAbs are distinguished from
MAbs that bind to the non-reducing terminus of Ft OAg
by their reactivity with the LPS ladder on Western blots,
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showing increased binding with increasing LPS chain length,
in contrast to the relatively even binding of MAbs specific for
terminal OAg epitopes.(27,28) The ability of each OAg chain
to engage many internal-binding OAg antibodies is reflected
in the higher prevalence of these antibodies compared with
terminal-binding OAg antibodies, presumably due to the
engagement of multiple B-cell receptors and efficient B-cell
stimulation during natural or artificial immunization.(27)

We have also reported on the Fab X-ray crystal structure of
Ab52, the most avid of three IgG2a MAbs that target internal
Ft OAg epitopes, and the docking of a calculated model of Ft
OAg in its binding site.(29) The site has the shape of an open-
ended wide groove that accommodates a V-shaped epitope
consisting of six sugar residues spanning two OAg re-
peats, a-D-GalpNAcAN(1/4)-a-D-GalpNAcAN(1/3)-b-
D-QuipNAc(1/2)-b-D-Quip4NFm(1/4)-a-D-GalpNAcAN
(1/4)-a-D-GalpNAcAN (BCDA’B’C’). The formyl group
of the b-D-Quip4NFm sugar protrudes into a small side-
pocket at the center of the site.(29)

In the current study, we obtained three IgG2a MAbs, N24,
N77, and N203, which showed reactivity only to high mo-
lecular weight Ft LPS chains on our standard Western blots,
with no discernible LPS ladder. Further characterization
showed these to be much weaker internal-binding anti-OAg
MAbs than the previously characterized internal-binding
anti-OAg MAbs, with the strongest binding of the new MAbs
(found with N203) being two orders of magnitude less potent
than Ab52, and less efficacious than Ab52 at prolonging
survival of mice infected intranasally (i.n.) with SchuS4. The
X-ray crystal structure of N203 Fab was determined for
comparison of the N203 and Ab52 binding sites to gain in-
sights into structural features that distinguish high and low
affinity Ft OAg binding.

Materials and Methods

Bacterial strains and MAbs

Ft holarctica strain LVS was obtained from Dr. Jeannine
Petersen (Centers for Disease Control and Prevention, Fort
Collins, CO). Ft tularensis strain SchuS4 was obtained from
BEI Resources (Manassas, VA). E. coli strain TG1 was
purchased from Stratagene (La Jolla, CA). WbtIG191V (WbtI),
an OAg deficient LVS mutant,(30) was obtained from
Dr. Thomas Inzana (Virginia Polytechnic Institute and State
University, Blacksburg, VA). All strains were propagated
and heat-inactivated as previously described.(26) SchuS4
vortexate was prepared by vigorously vortexing a SchuS4
suspension for 15 min. The vortexed suspension was centri-
fuged at 15,000 g for 60 min at 4�C, the supernatant was
collected and subjected to a second centrifugation under the
same conditions, and the second supernatant was filtered
through a 0.22 mm membrane. Protein concentration in the
SchuS4 vortexate was determined by the Lowry assay (DC
protein assay kit, Bio-Rad, Hercules, CA).

Protein G-purified mouse IgG2a MAb GTX40330, specific
for Escherichia coli J5 LPS, was purchased from GeneTex
(Irvine, CA). Generation of internal-binding Ft OAg MAbs
Ab2 (IgG3), Ab3 (IgG2a), Ab6 (IgM), Ab7 (IgM), and Ab9
(IgG1)(26) and Ab52 and Ab54,(27) and of the terminal-
binding Ft OAg MAbs Ab63 (IgG3), N213 (IgG3), and N62
(IgG2b),(28) was previously reported. All mouse experiments
were performed under a protocol approved by the Boston

University Medical Center Institutional Animal Care and Use
Committee.

The N24, N77, and N203 MAbs were generated in the cur-
rent study by intradermal (i.d.) immunization of BALB/cJ mice
( Jackson Laboratory, Bar Harbor, ME) with the sub-lethal dose
of 2 · 105 – 2 · 107 CFU of LVS followed 32–56 days later by
an intraperitoneal (i.p.) booster immunization with an outer
membrane- or capsule-enriched LVS prep, and 3.75 days later
by fusion of spleen cells with Sp2/0-Ag14 myeloma cells, as
previously described.(26) The LVS membrane prep was pre-
pared from an LVS vortexate by pelleting at 200,000 g for 2 h.
The LVS capsule prep was prepared by high salt extraction, as
described by Hood.(31) The three new MAbs were derived from
three separate mice. All three were determined to be IgG2a(k)
by IsoStrip (Mouse Monoclonal Antibody Isotyping Kit,
Roche Diagnostics, Indianapolis, IN).

Purification of MAbs

Hybridoma cells were cultured in IMDM (Gibco, Grand
Island, NY) supplemented with 10% FBS and grown to mass
culture in IMDM supplemented with 2% FBS in 10 cm Op-
tiluxTM petri dishes (Becton Dickinson Labware, Franklin
Lakes, NJ) or in a CELLine classic 1000 two-compartment
bioreactor (Wilson Wolf Manufacturing, New Brighton,
MN) at 37�C in a humidified environment of 5% CO2/95%
air. MAbs were separately purified from culture supernatants
on Pierce Protein G Plus (IgG1, IgG2a, IgG2b) or Protein A
Plus (IgG3) Agarose (Thermo Scientific, Rockford, IL) ac-
cording to the manufacturer’s instructions (modified to use
0.1 M sodium acetate [pH 5.0] for elution of IgG3) and their
purity and specificity were verified by SDS-PAGE and
Western blot analysis on SchuS4, respectively.

Immunoassays

Bacterial microagglutination, direct ELISA, and Western
blot analysis were performed as previously described.(27) For
direct ELISA, 0.04 OD/mL of heat-killed Ft SchuS4 or E. coli
TG1, 0.125 mg/mL of Ft LPS, or 5 mg/mL of Ft OAg-core
(OAgC, Sussex Research, Ottawa, Canada) were coated onto
ELISA plates by overnight drying in a 37�C oven and, after
incubation with test MAbs, the reactions were developed
with anti-mouse IgG2a (g2a chain-specific) HRP conjugate
(SouthernBiotech, Birmingham, AL).

For isotype-specific competition ELISA, EIA/RIA plates
were coated with 100mL/well of SchuS4 vortexate (prepared
as described above) at a protein concentration of 1mg/mL in
50 mM carbonate buffer (pH 9.6) and allowed to air-dry
overnight at 37�C. Anti-mouse IgG2a (g2a chain-specific)
HRP conjugate was used to determine the binding of a fixed
concentration (2.5 mg/mL) of N203 reporter in the presence
of graded concentrations of competitor MAb (starting at
400mg/mL). The presence/binding of competitor MAbs to
SchuS4 vortexate was verified in a duplicate plate by devel-
oping the ELISA with HRP-conjugated anti-mouse isotype-
specific secondary antibody. Percent inhibition was calculated
(after subtracting the blank from all values using the following
formula: [(OD without competitor – OD with competitor)/(OD
without competitor)] · 100.

For competition ELISA with Ft OAgC, serially diluted Ft
OAgC was pre-mixed with 2.5 mg/mL N203, Ab52, or Ab53
(anti-Ft GroEL, IgG2a isotype control), then the mixtures
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were added to a SchuS4 vortexate-coated, washed, and
blocked ELISA plate, followed by HRP-anti-mouse-IgG2a to
detect bound MAb. Percent inhibition was calculated as de-
scribed above.

Nucleotide and deduced amino acid sequence
determination

V region nucleotide sequences of MAbs were obtained from
RT-PCR products as previously described for the Ab52
MAb.(29) Homology to immunoglobulin (Ig) germline genes
was determined by IgBlast (www.ncbi.nlm.nih.gov/igblast) and
conversion to amino acid sequences was done by EMBOSS
Transeq (www.ebi.ac.uk/Tools/emboss/transeq/index.html).

In vivo efficacy studies

All animal procedures were approved by the Boston Uni-
versity Institutional Animal Care and Use Committee.
BALB/cJ female mice were obtained from Jackson Labora-
tories, at 7–8 weeks of age, and inoculated i.n. with Ft bac-
teria under ketamine/xylazine anesthesia as previously
described.(26) For inoculation of mice, Ft bacteria were seri-
ally diluted in PBS to the intended CFU/mL based on OD600

of the starting stock, and administered in 10mL followed by
10 mL of PBS as described by Klimpel and colleagues.(22) The
actual CFU inoculated per mouse was determined retro-
spectively after each experiment by plating serial dilutions of
the bacterial preparation used for inoculation on chocolate
agar plates. Two hours post-SchuS4 inoculation, mice were
injected i.p. with MAb or vehicle (PBS supplemented with
5% BALB/c mouse serum). Survival was monitored every
12 h. Kaplan-Meier survival curves were plotted using
Graph-Pad Prism 5.0 (GraphPad Software, San Diego, CA),
and the log rank test was used to compare groups.

For determination of blood bacterial burden, blood was
collected from the submandibular vein into a BD Micro-
tainer� tube with Lithium Heparin additive (BD, Franklin
Lakes, NJ) 3 days post-bacterial inoculation. Undiluted blood
and a 5-fold serial dilution of the blood were streaked on
chocolate agar plates, and the plates were incubated at 35�C
for 2 days for CFU enumeration. Percent CFU reduction
compared with PBS was calculated from the median CFU
obtained from the plate with ‡ 30 CFU or the undiluted-blood
plate if both plates had < 30 CFU. The p value was deter-
mined using the two-tailed Mann Whitney test. p values of
< 0.05 were considered statistically significant for both the
log rank test and the two-tailed Mann Whitney test.

Fab X-ray crystal structure determination

Fab was prepared from purified IgG using the Pierce Fab
Preparation Kit (Thermo Scientific). For crystallization trials,
the Fab was dialyzed and concentrated/diafiltered in a YM-10
Centricon Centrifugal Filter Device (Millipore, Bedford,
MA) to 38 mg/mL into 20 mM Tris-HCl (pH 7.5), 150 mM
NaCl, and 0.02% NaN3, as determined by absorbance at
280 nm. A sparse matrix screen was carried out using the
reagents in the MCSG-1 screen (Microlytic North America,
Burlington, MA) in a 96-well Corning Crystal EX microplate
(Corning, NY).

An initial crystallization condition from the screen was
optimized using microseeding techniques. For seeding in

hanging drops, 0.5 mL of Fab was mixed with 0.5 mL of res-
ervoir solution (0.1 M sodium citrate [pH 4.0], 1 M lithium
chloride, 13–16% PEG 6000) on a siliconized coverslip,
which was inverted over a well containing 0.5 mL of reser-
voir solution and sealed. After overnight equilibration at
17�C, the drop was streak-seeded using a cat whisker that had
been dipped into a seed stock mixture made by crushing a
crystal cluster in 50 mL of reservoir solution. Prior to freezing
in a cold nitrogen stream, the crystal used for diffraction
studies was cryoprotected by soaking for 20 s in a mix of 8 mL
reservoir solution and 3mL 10 M lithium chloride. Diffrac-
tion data were collected on a RAXIS-IV imaging plate
detector mounted on a Rigaku RU-300 rotating anode gen-
erator. Data indexing, integration, and merging were per-
formed using the programs Denzo and Scalepack.(32) The
structure was solved by molecular replacement using
AutoMR in Phenix.(33) The search models used were the light
(L) chain of the phosphocholine-binding MAb McPC603
(PDB code 1MCP(34)) and the heavy (H) chain of the HIV
neutralizing MAb Yz23 (www.rcsb.org/pdb/home/home;
PDB code 3CLE). Each search model was divided into var-
iable and constant domains for a total of four search models.
In addition, the CDRH3 loop of the H chain was removed.
The molecular replacement solution, comprising two Fab
molecules in the asymmetric unit, was then rebuilt with
AutoBuild in Phenix, with the starting model not included in
the building of the output structure to reduce phase bias.
There was clear density to build the missing residues of the
CDRH3 loop, which were built in manually. Iterative cycles
of manual rebuilding and refinement were performed with
Coot(35) and Phenix to obtain the final structure. The elbow
angles (y) of the Fabs in the crystal were determined by su-
perposing the L (residues 1-107) and H (residues 1-114) chain
variable domains and the L and H constant domains of each
Fab using the program LSQMAN,(36) which calculates the
direction cosines of the two pseudo-rotation axes in the Fab
(cos a, cos b, cos g). The elbow angle was then calculated
using the formula: cos y= cos avar * cos acon + cos bvar * cos
bcon + cos gvar * cos gcon. The crystal structure was used for
docking in Glide as previously described, with the same
starting structures of the OAg repeats.(29) Images were gen-
erated using MAESTRO (v. 9.3.5, Schrödinger, Inc., New
York, NY).

Results

Three new MAbs are specific for internal OAg epitopes
but have much lower binding potency than previously
characterized internal OAg-binding MAbs

While screening for antigen-specific supernatants of hy-
bridomas derived from BALB/c mice immunized with live
LVS and boosted with outer membrane- and/or capsule-
enriched Ft preps, we identified three IgG2a MAbs that
bound to a diffuse proteinase K-resistant 100–250 kDa band
on Western blots of SchuS4 lysates but showed no reactivity
on our standard Ft LPS Western blots. Further characteriza-
tion revealed that the three new MAbs, N24, N77, and N203,
were specific for internal OAg epitopes but had much lower
antigen-binding potency than that of internal OAg-binding
MAbs, which we had previously detected by their binding to
the Ft LPS ladder on Western blots. Thus, when the amount
of LPS electrophoresed in the preparative polyacrylamide gel
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was increased from our standard 10–20mg to 200mg and the
Western blot strips were probed with 10-fold serial dilutions of
0.5–500mg/mL of purified MAbs, the three new MAbs de-
tected the LPS ladder. However, the MAb concentration re-
quired for ladder detection was 100-fold greater than that for
the most avid (Ab52) and 10-fold greater than that for the least
avid (Ab3) previously characterized MAb, respectively (Fig. 1).

The weaker reactivity of the new MAbs was also evident in
ELISA, where the three new MAbs required 100–200-fold
greater concentrations for equivalent binding to heat-killed
SchuS4 but showed specificity for Ft, as no binding to E. coli
was detected (Fig. 2A). Similarly, N203, the best binder of
the new MAbs, required a 120-fold greater concentration
than Ab52 for equivalent binding to LPS, and showed barely
detectable binding to OAgC (LPS-derived OAg connected to
core oligosaccharide) even at 50mg/mL N203 (Fig. 2A),
presumably due to the poor adherence of Ft OAgC to ELISA
plates. However, the specificity of the new MAbs for OAg
was supported by their ability to agglutinate SchuS4 and LVS
but not the OAg-deficient LVS mutant WbtI (Fig. 2B) and by
the ability of OAgC to inhibit the binding of N203 to SchuS4
vortexate (Fig. 3A).

Furthermore, analysis of the nucleotide sequences of the
expressed variable (V) regions of the three new MAbs
showed that they are all partially encoded by the same IGKV
germline gene, which is also shared by two of seven previ-
ously described anti-Ft OAg internal-binding MAbs (Ab3
and Ab9, Table 1). However the IGKVs of all 10 MAbs, ex-
cept Ab6, belong to the same subgroup (Table 1). Analysis of
the nucleotide sequences also showed that one of the new
MAbs (N77) is partially encoded by the same IGHV germline
gene as two other of the previously described internal OAg-
binding MAbs (Ab54 and Ab6), and another of the new
MAbs (N203) is partially encoded by the same IGHD gene as
the previously described internal OAg-binding MAb Ab3
(Table 1). It is noteworthy that the IGHVs of the new MAbs
and all internal-binding OAg MAbs, except Ab3 and Ab2,
belong to the same subgroup (IGHV1), and the IGHDs of all
three new MAbs and of four of the seven internal-binding
OAg MAbs belong to either subgroup IGHD1 or subgroup
IGHD4 (Table 1). No shared V or D germline genes were

FIG. 2. Binding characteristics of the three new MAbs. (A) The three new MAbs bind specifically to virulent Ft and not to
E. coli in ELISA, but binding to Ft LPS and OAgC is reduced compared with binding by Ab52. ELISA plates were coated
with heat-killed Ft SchuS4, heat-killed E. coli TG1, Ft LPS, or Ft OAgC and were probed with serial dilutions of the
indicated MAbs. GTX40330, a commercial MAb specific for E. coli LPS, was used as specificity control. (B) Ft agglu-
tination by N24, N77, and N203, like agglutination by Ab52, requires OAg. Two-fold serial dilutions of different MAbs,
starting with a final concentration of 256mg/mL in well 1, were incubated with equal volumes of fixed bacteria of the
indicated strains. Wells showing a carpet-like pattern were recorded as positive and those showing a small, tight button were
recorded as negative. Agglutination titers are indicated on the right side of each row.

FIG. 1. N24, N77, and N203 bind poorly to Ft LPS on
Western blots compared with Ab52 and Ab3. Ft LPS
(200mg, usually 10–20 mg) was electrophoresed in a pre-
parative 4–15% polyacrylamide gel under denaturing con-
ditions. After transfer to nitrocellulose, strips were probed
with the specified MAbs at the indicated concentrations and
developed with AP-anti-mouse IgG (H + L) conjugate for
15 min.
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observed with MAbs specific for the terminal non-reducing
end of Ft OAg (Ab63, N213, and N62, Table 1). The shared
IGKV, IGHV, and IGHD germline genes between the new
MAbs and internal OAg-binding MAbs suggested that the
three new MAbs also target internal OAg epitopes. This was
validated by the ability of internal (I) OAg-binding MAbs
Ab9 and Ab2, but not of the terminal (T) OAg-binding MAb
N213, to inhibit the binding of the new MAb N203 to SchuS4
vortexate in isotype-specific competition ELISA (Fig. 3B).

Ab52 is more efficacious than the new MAbs at reducing
blood bacterial burden and prolonging survival of BALB/c
mice infected intranasally with SchuS4

To determine whether the three new MAbs can be effica-
cious against Ft in vivo, N24, N77, and N203 were tested

alongside the previously characterized Ab52 MAb for their
ability to reduce blood bacterial burden in BALB/c mice
infected i.n. with SchuS4 when administered i.p. 2 h post-
infection. As shown in Figure 4A, Ab52, N203, N77, and N24
reduced bacterial burden 95%, 92%, 64%, and 62%, re-
spectively, compared with the PBS control, as assessed 3
days post-infection, with the results for all, except N24,
showing statistical significance ( p < 0.05).

When Ab52 and N203 were compared for ability to pro-
long survival of SchuS4-infected BALB/c mice, if adminis-
tered i.p. at 100 mg/mouse 2 h post-infection, both MAbs
significantly prolonged survival compared with vehicle
control, by 36 and 24 h, respectively. However, at 25 mg
MAb/mouse, the ability of Ab52 to prolong survival was
unchanged, whereas that of N203 was decreased to 12 h,
which did not quite reach statistical significance (by the

FIG. 3. Binding of N203 to Ft SchuS4 vortexate is inhibited by OAgC and by internal binding but not terminal binding
anti-OAg MAbs. (A) Serially diluted Ft OAgC was pre-mixed with 5 mg/mL N203, Ab52, or Ab53 (anti-Ft GroEL, IgG2a
isotype control); then the mixtures were added to a SchuS4 vortexate-coated, washed, and blocked ELISA plate, followed
by HRP-a-m-IgG2a to detect bound MAb. (B) Serial dilutions of the indicated internal binding (I) or terminal binding (T)
anti-OAg MAbs were used as competitors, and the ELISA was developed with HRP-a-mouse IgG2a antibody.

Table 1. Germline Genes Encoding V Regions of the New MAbs Compared

with Other MAbs Specific for Ft LPS

Germline gene (% nucleotide identity or no. of contiguous nucleotide matches for IGHD)

MAb (non-IgG2a isotype) IGHV IGHD IGHJ IGKV IGKJ

New
N24 1-12*01 (95.3) 1-1*02 (5) 3*01 (100.0) 8-19*01 (99.6) 2*01 (100.0)
N77 1S29*02 (98.8) 1-1*02 (5) 4*01 (100.0) 8-19*01 (100.0) 1*01 (100.0)
N203 1-7*01 (90.9) 4-1*01 (6) 2*01 (100.0) 8-19*01 (100.0) 5*01 (100.0)

Internal
Ab3 3-2*02 (100.0) 4-1*01 (6) 2*01 (100.0) 8-19*01 (100.0) 4*01 (100.0)
Ab9 (G1) 1S127*01 (91.2) 2-3*01 (5) 4*01 (97.6) 8-19*01 (98.5) 2*01 (100.0)
Ab54 1S29*02 (99.6) 1-1*01 (15) 2*01 (100.0) 8-24*01 (100.0) 1*01 (100.0)
Ab6 (M) 1S29*02 (99.6) –a 4*01 (100.0) 3-2*01 (100.0) 2*01 (100.0)
Ab2 (G3) 9-2-1*01 (100.0) 4-1*02 (5) 3*01 (100.0) 8-24*01 (100.0) 4*01 (100.0)
Ab7 (M) 1S22*01 (98.8) 1-1*01 (14) 4*01 (100.0) 8-24*01 (100.0) 4*01 (100.0)
Ab52 1S130*01 (98.8) –a 3*01 (100.0) 8-24*01 (99.6) 4*01 (100.0)

Terminal
Ab63 (G3) 3-8*02 (99.6) –a 3*01 (100.0) 4-80*01 (100.0) 2*01 (100.0)
N213 (G3) 3-8*02 (95.0) 2-14*01 (9) 3*01 (97.8) 4-80*01 (97.1) 5*01 (100.0)
N62 (G2b) 3-8*02 (97.7) 2-14*01 (6) 3*01 (100.0) 4-80*01 (99.2) 2*01 (100.0)

aNo D gene was identified by the IgBlast program (www.ncbi.nlm.nih.gov/igblast/) using the minimum requirement of five contiguous
nucleotides.
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two-tailed analysis used, Fig. 4B). The blood bacterial burden
and prolongation of survival results indicate that the in vivo
efficacies of Ab52, N203, N77, and N24 correlate directly
with their OAg-binding potency.

Fab X-ray crystal structure of N203 reveals a flexible
antigen-binding site that can adopt three different
conformations

To determine the structural basis for the much weaker OAg
binding of the new MAbs compared with that of Ab52 MAb, the
Fab of N203 was analyzed by X-ray crystallography. The initial
crystals of N203 Fab obtained from sparse matrix screening
grew as clusters. Consecutive cycles of seeding were used to
grow large crystals, which formed plates and diffracted X-rays
to 2.1 Å resolution. From analysis of the diffraction data (Table
2), the space group was determined to be P212121 with unit cell
dimensions a = 66.010 Å, b = 122.322 Å, c = 124.764 Å; a=
b= g= 90.00�.

The structure was solved using molecular replacement.
After several cycles of refinement and manual rebuilding, the
final model was constructed, including building in residues
removed from the search models. The model contains two
Fab molecules comprising residues L1-213 and H1-213.
Residues L204-209 (from both Fabs) and residues H129-132
and H129-134 (from the second Fab) were not modeled due
to poor electron density. The H1 residues were modeled as
pyroglutamic acid as indicated by the electron density. The
model also contains 642 water molecules and 18 chloride
ions. The final structure has good geometry and agreement
with the observed diffraction data in Table 2.

All six complementarity-determining regions (CDRs) are
part of the presumed binding site. The CDRL1, CDRL2,

CDRL3, CDRH1, and CDRH2 loops fall into canonical
folding classes(37) L1-17-1, L2-8-1, L3-9-cis7-1, H1-13-1,
and H2-10-1, respectively. The CDRH3 loop is short (6
residues) and does not fall into any canonical class. The
general shape of the N203 binding site is a groove with
an uneven bottom and a partition of protruding CDRH3
residues. The two Fabs in the asymmetric unit superimpose

FIG. 4. Ab52 is more efficacious than N203, N77, and N24 at reducing blood bacterial burden (A) and prolonging
survival (B) in BALB/c mice infected intranasally with SchuS4. Mice were inoculated i.n. with 140 CFU of SchuS4 (A) or
25 CFU of SchuS4 (B), then injected i.p. with the indicated doses of the specified antibodies. For determination of blood
bacterial burden (A), mice were bled, then euthanized 3 days post-infection, and percent CFU reduction compared with
vehicle (PBS) was calculated from the median CFU numbers and the p value was determined using the two-tailed Mann-
Whitney test. To test for prolongation of survival (B), mice were monitored for survival every 12 h, Kaplan-Meier survival
curves were plotted, and groups treated with MAb were compared with the group treated with vehicle (5% BALB/c mouse
serum in PBS), using the log rank test.

Table 2. X-ray Crystallographic Data

Collection and Refinement Statistics

Item Value

Data collection
No. of reflections 58893 (5650)a

Data cutoff I £ - 3s
I/s(I) 20.1 (4.4)

Completeness (%) 99.0 (96.3)
Redundancy 4.1 (3.6)
Rmerge 0.037 (0.299)

Refinement
Rwork 0.193
Rfree 0.228
No. of atoms 7180

Deviations from ideal values
Bond lengths (Å) 0.002
Bond angles (�) 0.674

Ramachandran plot
Favored (%) 97.7
Allowed (%) 2.3
Outliers (%) 0.0

aThe resolution limits overall were 15-2.10 Å. The number in
parentheses is the value for the highest resolution shell (2.17–2.10 Å).
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well with an r.m.s.d. of 0.85 Å calculated using 416 a-carbons
as determined by the Iterative Magic Fit function in the
program Deepview.(38) However, there are differences be-
tween the two copies of the Fab in the asymmetric unit caused
by crystal packing contacts that create differences in the
binding site topology. The elbow angle of the two Fabs dif-
fers by 6� (130� vs 136�), causing a slight shift in the relative
orientation of the V domains toward one another. The crystal
packing places the two antigen-binding sites face-to-face
with one another, making crystal contacts. In particular, the
conformations of the side chains of residues H-W33, H-Y52,
and H-R95 in both Fabs appear to be affected by the lattice
constraints (Fig. 5A). In Fab 1, there is clear density for all
three side chains in the maps. The side chain of H-Y52 makes

a hydrogen bond to the side chain of L-Y94 and contacts the
side chain of H-W33, which makes van der Waals contacts
with the CDRH3 loop at the main chain of H-R95 as well as
aromatic interactions with L-Y94 (Fig. 5A).

The second Fab in the asymmetric unit (Fab 2) shows all
three of these residues in different conformations (Fig. 5B,C).
H-Y52 cannot adopt the same conformation as in Fab 1,
because this would clash with the neighboring H-Y52 in the
crystal. So, the H-Y52 side chain is rotated clockwise ap-
proximately 60� about the Cb-Cg bond, breaking the hy-
drogen bond to L-Y94. In this position, H-Y52 makes
aromatic interactions with H-Y52 in the neighboring mole-
cule, which may help to stabilize this conformation. The
H-W33 side chain in Fab 2 is rotated approximately 80�

FIG. 5. The antigen-binding site of N203 is flexible and partitioned. X-ray crystal structures of N203 Fab (A–C) and
Ab52 Fab (D). Left, ribbon diagrams with side chains lining the binding sites as stick figures, head-on view; the three N203
H chain residues whose side chains assume different positions in the different conformations are indicated, as is the L chain
residue Y94, which is involved in hydrogen bonding to H-Y52. Middle, molecular surface representation, head-on view; the
L and H chain CDRs are labeled as L1, L2, L3, and H1, H2, H3, and colored green, blue, cyan, red, orange and yellow,
respectively. VL and VH framework regions are colored pink and grey, respectively. Right, molecular surface represen-
tation, side view, rotated 90� clockwise about the X-axis. Site dimensions, in Å, as measured in the final, refined coordinates
(white lines) or as scaled black bars, are indicated. The number below the bar in the right column is the approximate height
of the CDRH3 partition for that conformation.
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counterclockwise about its Cb-Cg bond, so that it moves into
the space formerly occupied by H-Y52. There, it makes ar-
omatic interactions with L-Y94 and H-Y52 as well as H-Y52
from a neighboring molecule. This reorganization of side
chains relative to the Fab 1 conformation opens up a deep
cavity in the binding groove, bordering the protruding
CDRH3 partition (Fig. 5B). The density for the side chain of
H-R95 in Fab 2 is broken and suggests that this residue is
somewhat disordered. Refinement of the H-R95 side chain as
alternate conformers, one as in Fab 1 (referred to as Fab 2
conf 1, Fig. 5B), and one in which it occupies the space where
H-W33 is located in Fab 1 (Fab 2 conf 2, Fig. 5C), shows the
occupancy to be about 60% Fab 2 conf 1 and 40% Fab 2 conf
2. The H-R95 in Fab 2 conf 2 fills up the deep cavity, de-
creasing the height of the CDRH3 partition from 10 Å to 4 Å
(Fig. 5C). Despite the different topology of the N203 groove
in Fab 1, Fab 2 conf 1, and Fab 2 conf 2, the groove in all
three N203 binding site conformations is, on the average, 13
Å wide, its full length is 25 Å, and its length to the CDRH3
partition is 15 Å (Fig. 5A–C). And, in the Fab 1 and Fab 2
conf 2 conformations, the ones assumed to interact with OAg,
the depth of the site is 10 Å (Fig. 5A,C). By comparison, the
Ab52 binding site(29) is a flat-bottom groove (except for a
side pocket), 12 Å wide, 20 Å long, and 10 Å deep (Fig. 5D).
Twenty-six amino acid residues line the N203 binding site in
Fab 1 and Fab 2 conf 2, 21 of them in the 15 Å compartment
(Fig. 5A and 5C left) compared with 33 amino acid residues
that line the binding site of Ab52 (Fig. 5D, left).

The N203 crystals were not amenable to soaking with an Ft
OAg oligosaccharide for structural analysis of an antibody-
antigen complex due to the observed crystal contacts. In an
attempt to determine the epitope accommodated by the N203
binding site, we docked the tetrasaccharide repeat unit
models of OAg, previously used to determine the Ab52
epitope,(29) into the putative antigen-binding sites of N203
Fab 1 and Fab 2 conf 2 from the crystal structure. The results
of the docking calculations suffer from poor Glide scores—
not surprising given the low binding potency of N203 to the
Ft OAg, so that a prediction of the binding mode of the OAg
to N203 cannot be made from these studies.

Discussion

We generated and characterized three IgG2a MAbs (N24,
N77, and N203) specific for a repeating internal epitope of Ft
OAg, whose antigen-binding potency, as assessed by Wes-
tern blot and ELISA, is one to two orders of magnitude lower
than that of the previously characterized internal-binding Ft
OAg IgG2a MAbs Ab3 and Ab52, respectively.(27) The lower
antigen-binding potency of the new MAbs was reflected in
their lower efficacy at reducing blood bacterial burden and
prolonging survival of BALB/c mice infected intranasally
with Ft SchuS4. The specificity of the new MAbs for Ft OAg
was demonstrated by their binding to Ft SchuS4 and Ft LPS
but not to E. coli and by their agglutination of Ft SchuS4 and
Ft LVS but not of WbtI, an OAg-deficient LVS mutant. Their
specificity for a repeating internal OAg epitope, rather than
for the non-reducing end of OAg, was revealed by the in-
creased binding to increasing-length LPS chains on Western
blots and by the ability of internal-binding but not of terminal
binding OAg MAbs to inhibit N203 binding to Ft LPS in
isotype-specific competition ELISA.

The relative antigen-binding potency of the new MAb set
from weakest to strongest was N24, N77, and N203, as evi-
dent in Western blot, direct ELISA, and microagglutination
assays, and was also reflected in their relative potency at
reducing blood bacterial burden in BALB/c mice infected
intranasally with SchuS4. However, the intra-set differences
were relatively small in all assays when compared with dif-
ferences between N203 and Ab52, which were over 100-fold
in Western blot and direct ELISA. Despite the large affinity
difference, N203 and Ab52 are within 2-fold in bacterial
agglutination assays and in blood bacterial burden reduction
and prolongation of survival (at a dose of 100mg) in the
mouse model of respiratory tularemia. These results under-
score the low avidity threshold sufficient for moderate in vivo
efficacy of antibodies to microbial antigens with multiple
repeating epitopes.

Despite the derivation of the three new MAbs from three
different mice, all three are partially encoded by the same
IGKV gene (8–19), suggesting that they target the same in-
ternal OAg epitope. It is noteworthy that Ab3, the weakest
binder of three previously characterized internal-binding Ft
OAg IgG2a MAbs(27) but still 10-fold more potent than
N203, is also partially encoded by the 8–19 IGKV gene. In
contrast, Ab52 and Ab54, the other two of the previously
characterized internal-binding Ft OAg IgG2a MAbs,(27) are
partially encoded by the 8–24 IGKV gene. Furthermore, the
side-pocket in the center of the Ab52 binding-site, which
anchors the repeating elbow of Ft OAg, is formed mainly by
light chain CDR residues (29); this finding suggests that Ft
OAg MAbs with higher affinity, and thereby higher bivalent
avidity,(27) use 8–24 IGKV to anchor the OAg elbows,
whereas anti-Ft OAg MAbs with lower affinity and different
IGKVs, such as 8–19, may be unable to anchor the OAg
elbow or may target a different, although necessarily over-
lapping, OAg epitope. We had previously determined the
bivalent KD of the internal-binding Ft OAg IgG2a MAbs
Ab52 and Ab54 for Ft LPS to be 3.6 · 10 - 9 M and 1.0 · 10 - 8

M, respectively, but could not determine the bivalent KD of
the lower-affinity internal-binding anti-Ft OAg IgG2a MAb
Ab3, using the same plasmon resonance assay.(27) Because
the antigen-binding potency of the new internal-binding Ft
OAg IgG2a MAbs is at least 10-fold lower than that of Ab3,
as evident on Western blots, determination of the bivalent
KDs of the new MAbs was not attempted.

The difference in the N203 and Ab52 epitopes is supported
by X-ray crystallographic studies. The X-ray crystal structure
of N203 Fab, as described here, is the second reported
structure of an Ft OAg antibody that binds to a repeating
internal epitope, the first being that of Ab52.(29) Although the
structure of an N203 Fab–antigen complex could not be ob-
tained, the free N203 Fab structure offers some insights into
the poorer antigen-binding of N203 compared with Ab52.
The Ab52 binding site is an open-ended groove (12 Å wide,
20Å long, and 10 Å deep) that accommodates a 6-sugar V-
shaped epitope BCDA’B’C’, with the formyl group of the A’
sugar at the point of the V buried in a side pocket, formed
mainly by L chain residues, at the center of the groove.(29) In
contrast, the N203 binding site exists in the crystal in three
different conformations, all of which have a width of about 13
Å and a protruding CDRH3 partition that divides the site into
two unequal compartments—15 Å and 10 Å long. The three
conformations of the N203 binding site differ in the positions
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of the side chains of three residues (H-W33, H-Y52, and H-
R95), resulting in a deep cavity in the 15 Å compartment of
one conformation but remaining as a 10 Å deep groove in the
other two conformations. Although one or more of these
conformations could be over-represented due to stabilization
by crystal contacts, their existence in the crystal indicates that
N203 has a flexible site, suggestive of an induced-fit antigen-
binding mechanism. This could explain the relatively poor
binding of N203 to Ft OAg, as studies have shown that mu-
tations that lead to a lock and key binding mechanism over an
induced-fit mechanism result in higher affinity due to de-
creased entropic losses during binding.(39–42)

Antibodies to internal epitopes of OAgs were predicted to
be groove-type binding sites that could accommodate a long
carbohydrate chain, whereas terminal binders were predicted
to have cavity-type antigen-binding sites.(43,44) Several struc-
tures of complexes of antibodies to internal as well as ter-
minal epitopes have so far confirmed this prediction.(45–49)

The immunochemical evidence shows a pattern of binding
consistent with an internal epitope for N203. Therefore,
N203 was expected to have a groove-type antigen-binding
site. But the CDRH3 partition in the N203 site was not ex-
pected and may interfere with antigen binding.

Based on the topology of the N203 binding site and the
length of one OAg tetrasaccharide repeat, determined to

be 18 Å long with a span of 29 Å for two repeats and an angle
of 109� between repeats,(29) it is likely that the N203 epitope
binds to the 15 Å compartment as shown for the three N203
conformations found in the crystal (Fig. 6, left). This com-
partment has only 21 surface-exposed residues compared to
33 surface-exposed residues in the Ab52 site (shown for
comparison), suggestive of a smaller epitope size and con-
sistent with the lower affinity of N203. Although it is con-
ceivable that a 2-repeat OAg epitope could bind to the edges
of the 25 Å N203 groove over the CDRH3 partition, as an
inverted V (Fig. 6, right), such binding would be predicted to
have very limited contacts. Thus, the relatively poor binding
of N203 to OAg chains may be due to the constraints of the
CDRH3 partition, requiring a flexible binding site and an
induced-fit binding mode.

Based on the crystal structure of an antibody which can
adopt different binding-site conformations that interact with
different antigens,(50) antibodies with flexible binding-sites
have been suggested to increase the effective size of the an-
tibody repertoire. Antibodies like N203, N77, and N24 may
fall under this category of multi-specific antibodies, which
bind to multi-repeat microbial carbohydrates with low af-
finity but, if present in sufficient dose, can still confer a
protective effect in vivo due to the high density of the target
epitope on the microbe.

FIG. 6. Ft OAg likely binds to the 15 Å compartment of the N203 site. Schematic representations, side view, rotated about
90� clockwise about the Y-axis from Fig. 5, right, so that the H chain (light gray) is close to the viewer and the L chain (dark
gray) is in back. The outlines represent the bottom (thick black) and side surfaces of the antibody binding-site traced by
hand in Photoshop from cutaway views of the surfaces generated using the MAESTRO program. The CDRH3 partition in
the N203 site is indicated by an asterisk. The Ft OAg is represented by green line segments drawn to scale and positioned
manually. Left, Three-repeat OAg chain binding to the 15 Å compartment of the N203 site in the three crystal conformations
and to the Ab52 site. (A–C, right) Three-repeat OAg chain binding to edges of the 25 Å N203 site over the CDRH3
partition, as an inverted V, in the three crystal conformations. (D, right) Annotated three-repeat OAg.
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